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The motivations for the NMSSM are reviewed, and possible unconventional signals for Higgs and sparticle 
production at the LHC are discussed. In the presence of a light pseudoscalar, the SM-like Higgs scalar can decay 
dominantly into a 4-tau final state. In the fully constrained NMSSM with mSUGRA-like soft SUSY breaking 
terms, the correct dark matter relic density is obtained for a singlino-like LSP which modifies considerably all 
sparticle decay chains. 
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1. The NMSSM 

The Next-to-Minimal Supersymmetric Stan- 
dard Model (NMSSM) addresses the so-called /it- 
problem of the MSSM Q], whose origin we de- 
scribe below: 

Any supersymmetric extension of the Standard 
Model (SM) generalizes in a unique way - as dic- 
tated by supersymmetry - the interactions involv- 
ing dimensionless gauge- and Yukawa couplings, 
whereas the electroweak scale originates from the 
softly supersymmetry breaking mass terms and 
trilinear interactions (of the order Msusy)- The 
MSSM, however, requires the introduction of a 
supersymmetric (SUSY) mass term for the Higgs 
multiplcts, the so-called /Lt-term: both complex 
Higgs scalars H u and Hd of the MSSM have to 
be components of chiral superfields which con- 
tain, in addition, fermionic SU (2)-doublets ip u 
and tpd- Some of the SU (2)-components of ip u and 
ipd are electrically charged. Together with with 
the fermionic superpartners of the VU ± bosons, 
they constitute the so-called chargino sector (two 
charged Dirac fermions) of the SUSY extension 
of the SM. Due to the fruitless searches for a 
chargino at LEP, the lighter chargino has to have 
a mass above ~ 103 GeV [2]. Analysing the 
chargino mass matrix, this lower limit implies 
that a Dirac mass [i for %p u and ip# - for arbi- 



trary other parameters - has to satisfy the con- 
straint \fi\ > 100 GeV. A Dirac mass term is 
not among the soft supersymmetry breaking mass 
terms, hence fj, has to be a supersymmetric mass 
term for the Higgs multiplcts. 

In addition, an analysis of the Higgs poten- 
tial shows that a non- vanishing soft SUSY break- 
ing term B^i H u Hd is a necessary condition so 
that both neutral components of H u and Hd are 
non-vanishing at the minimum. This, in turn, 
is required in order to generate masses both for 
up-type quarks and down-type quarks by the 
Higgs mechanism. The numerical value of B[i 
should be roughly of the order of the electroweak 
scale (Mf). 

However, must not be too large: the Higgs 
potential must be unstable at its origin H u = 
Hd = in order to generate the electroweak sym- 
metry breaking. Whereas negative soft SUSY 
breaking mass terms for H u and Hd of the order 
of the SUSY breaking scale -Msusy can generate 
such a desired instability, the /x-induced masses 
squared for H u and Hd are always positive, and 
must not dominate the negative soft SUSY break- 
ing mass terms. Consequently the /i parameter 
must obey < Msusy- Hence, both "natu- 
ral" values /i = and /i very large (~ Mgut or 
~ Afpi anc k) are ruled out, and the need for an 
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explanation of /i f=a Msusy is the /x-problem. 

Within the NMSSM, is generated in a way 
similar to the quark- and lepton masses with the 
help of a vacuum expectation value (vev) of a 
scalar field: one introduces a Yukawa coupling A 
of the higgsinos ip M and ipd to a scalar field S (a 
gauge singlet, since the /x-parameter carries no 
gauge quantum numbers), and arranges that the 
vev (S) is of the order of Msusy- This is easy 
to obtain with the help of soft SUSY breaking 
negative masses squared (or trilinear couplings) of 
the order of Msusy for S; then, Msusy is the only 
scale in the theory. In this sense, the NMSSM 
is the simplest supersymmctric extension of the 
SM in which the weak scale is generated by the 
supersymmetry breaking scale Msusy only. 

It should be mentioned that additional attrac- 
tive features of the MSSM - the unification of the 
running gauge couplings at Mqut ~ 10 1 6 GeV 
and the possibility to explain the dark matter 
relic density - remain unchanged. 

1.1. The NMSSM Superpotential and Par- 
ticle Content 

The superpotential Wnmssm of the NMSSM 
depends on the additional gauge singlet super- 
field S, and is obtained from the superpotential 
Wmssm of the MSSM by the following substitu- 
tions: 

Wmssm = fJ-H u Hd + ... 
-^Wnmssm = XSH u H d + ^ K S 3 + ... (1) 

and similarly for the soft SUSY breaking terms: 
B t iH u H d +...-> XA x SH u H d + ^ K A K S 3 +. . . (2) 

The term ~ k in Wnmssm serves to stabilize 
the potential for the scalar singlet field S; a pos- 
sibly negative SUSY breaking mass term m||5| 2 
(together with ^kA k S 3 + h.c.) can easily gener- 
ate a vev {S) — Msusy- Comparing Wnmssm 
and Wmssm one finds an effective /i-term with 
/icft- = \{S). 

Discarding the Goldstone bosons, the particle 
content of the Higgs sector of the NMSSM con- 
sists in 3 CP-even neutral scalars Hi, 2 CP-odd 
neutral scalars Ai, 1 charged Higgs scalar H^, 



and - together with the neutral gauginos - 5 neu- 
tralinos \i- (The singlet-like states H$, As and 
Xs mix with the (2)-doublets and the neutral 
gauginos; the decomposition of the eigenstates de- 
pend on the parameters A, k, A\ and A K .) 

It is important to note that the lightest CP-odd 
scalar A\ can be quite light, notably in the case of 
an approximate i?-symmetry in the Higgs sector 
{A\, A K — > 0) or Peccei-Quinn-symmetry (k — > 
0), in which case it plays the role of a (pseudo-) 
Goldstone boson. 

2. Phenomenological Aspects of the NM- 
SSM 

As a result of the new states and mixings in 
the Higgs and neutralino sectors, the correspond- 
ing phenomenology of the NMSSM can differ con- 
siderably from the MSSM. Already the LEP con- 
straints from Higgs boson searches have to be in- 
terpreted anew. 

2.1. Lessons/Hints from LEP 

The results of the four LEP experiments sear- 
ching for a Higgs scalar decaying into H — > 
bb, t + t" (assuming SM branching fractions) 
have been combined by the LEP-Higgs Working 
Group [3] and are shown in Fig. 1. There, £ de- 
notes the reduced coupling of a Higgs scalar to 
the Z boson (compared to the coupling of the 
SM Higgs scalar), £ = gHzz/gf/zz- Shown are 
upper bounds on £ 2 as function of a scalar Higgs 
mass ma- 

One can note a light excess of events for vein ~ 
95 — 100 GeV (of ~ 2.3 a statistical significance), 
which is difficult to explain in the SM. The 
NMSSM offers two possible explanations for this 
excess of events: i) a Higgs scalar with a mass of 
~ 95 — 100 GeV can have a reduced coupling to 
the Z boson (£ < 0.4 — 0.5) due to its large sin- 
glet component; or ii) a Higgs scalar with a mass 
of ~ 95 — 100 GeV can have a reduced branch- 
ing ratio into bb, t + t~ , since it decays domi- 
nantly into a pair of light CP-odd scalars with 
a BR(H -> A-iAx) - 80 - 90%. In the latter 
case, the coupling of H to Z bosons can be SM- 
like. In [415] , it has been argued that this scenario 
allows to alleviate the "little finetuning problem" 
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Figure 1. Upper bound on £ 2 as function of a 
scalar Higgs mass mu , where £ denotes the cou- 
pling of the Higgs scalar to Z bosons (normalized 
w.r.t. the SM Higgs boson); from [3J. 



of supersymmetric extensions of the SM (since 
m H Si H4 GeV is not required). 

However, the LEP experiments have also sear- 
ched for H — > A\A\ — » 46 [3], and the constraints 
are very strong for mu ~ 95 — 100 GeV. On the 
other hand, if M Al is below the bb threshold of 
~ 10.5 GeV, A\ would decay dominantly into 
t + t~. LEP constraints on H — > AiAi — > 4r 
impose no bounds for run ~ 95 — 100 GeV (3J; 
hence < 10.5 GeV is an attractive scenario. 

2.2. Lessons/Hints from radiative T decays 

For M Al < 10.5 GeV, decays T{nS) -> A 1 + 7 
are kinematically possible. The corresponding 
branching ratios depend on M Al , and the cou- 
pling g Alb i of A\ to 6-quarks. It is useful to de- 
fine a reduced coupling Xd = g A xbbl Qiibli an( l f° r 
large tan (3 one can obtain Xd > 1 in the NMSSM. 

In the range M Al < 9 GeV where A\ — » tt 
(or j4i — > ^i/i) would be dominant, the CLEO 
collaboration has searched for Y(IS') — > v4i + 7 



decays [5]. No signal has been observed, which 
implies upper bounds on Xd dependent on M Al ■ 

The BABAR collaboration has recently ob- 
served an 77b-like state with a mass of ~ 9.39 GeV 
in T(25) and Y(35) radiative decays [ZE]. For 
large g^ib&i l ne 7 lb{ n S) bb bound states (n = 
1,2,3) can mix with A\, since these states have 
the same quantum numbers |9|10|11|12] . and the 
mixing elements/eigenvalues of the rjb(nS) — A± 
mass matrix can be determined in terms of Xd 
and M Al [101111121 . 

The measured mass by BABAR of the Ty^-like 
state must correspond to one of these eigenvalues. 
On the one hand, this implies that M Al cannot 
be equal to 9.39 GeV, if the mixing (which is pro- 
portional to Xd) is large: for a large mixing, an 
eigenvalue of a 2 x 2 matrix (of the 7?b(ls) — A\ 
system) cannot coincide with one of its diagonal 
elements. This reasoning implies an upper bound 
on Xd for M Al near 9.39 GeV. In Fig. 2 we show 
upper bounds on X d in the NMSSM from CLEO 
(black), the muon anomalous magnetic moment 
(blue), B-physics (green) and constraints due 
to the measured ^(lS) mass by Babar as a red 
line (from [TTj) . 

On the other hand, the average value for the 
hyperfme splitting E hfs (lS) = m x(is) - m Vb (xs) 
found by BABAR [8] is somewhat large: 

Elf s (lS) = 69.9 ± 3.1 MeV (3) 

This result can be compared to recent predictions 
from perturbative QCD: E hfs (lS) = 44±11 MeV 
(T5J and E hfs (lS) = 39 ± 14 MeV [14]. 

Whereas an explanation of the discrepancy be- 
tween ([3]) and perturbative QCD is not excluded 
at present, the difference might be ascribed to 
the mixing of the ^(lS) state with a light pseu- 
doscalar Higgs A\, if M Al is somewhat above 
9.4 GeV. (For M Al > 9 GeV, X d is bounded 
from above just by the red line in Fig. 2.) The as- 
sumption that the r]b(lS)-Ai mixing explains the 
discrepancy between §5§ and perturbative QCD, 
allows to determine Xd and hence all eigenval- 
ues and mixing angles in the ^(nS^-Ai-system 
as function of M Al [12]. Then, the masses of 
the states interpreted as r]b(2S) and rjb(3S) can 
also be modified. Furthermore, all rjb{nS) states 
can acquire non-negligible branching ratios into 
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Figure 2. Upper bounds on Xd versus Ma 1 in 
the NMSSM. Indicated are constraints from B- 
physics as a green dashed line, constraints from 
blue dashed line, the bounds from CLEO 
on BR (T — > jtt) as a black line and constraints 
due to the measured 176 (15) mass by Babar as a 
red line; from|ll|. 



t + r~ due to their mixing with A\. 

In Fig. 3 (from [H]), the masses of all 4 physi- 
cal states (denoted by r/i, i = 1 . . .4) as functions 
of Ma 1 are shown together with the error bands; 
by construction, m m =9.39 GeV and for clarity 
the assumed values for m,,oj n m (before mixing) 
are indicated as horizontal dashed lines. For Ma 1 
not far above 9.4 GeV the effects of the mixing 
on the states ?7°(25) and 17° (35) are negligible, 
but for larger Ma 1 the spectrum can differ con- 
siderably from the expectations from QCD-based 
quark models. 

Future experiments at B factories could verify 
this scenario in different ways: through the spec- 
trum of the rjb (nS)- Ai-system beyond the 7^(15)- 
state seen by BABAR, and/or through a viola- 
tion of lepton universality in inclusive T decays 
T -> 1+ I- + X: from T -> 7 + A x -> 7 + r+ r~ 
one would expect an excess in the r + r~ final 
state [15111] . 
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Figure 3. The masses of all eigenstates of the 
?7fc(n5)-Ai-system as function of Ma i; once the 
7yfc(15)-^4i-mixing is required to explain the dis- 
crepancy between ^ and perturbative QCD. 



2.3. Higgs Searches at the LHC with dom- 
inant H — > ^4iv4i decays 

If a SM-like Higgs boson H decays dominantly 
into a pair of light pseudoscalars with Ma x < 
10.5 GeV (such that A\ decays dominantly into 
t + r~), the detection of H will be quite difficult 
at the LHC: the final state from H — > A\A\ — > 4r 
will contain four r neutrinos, which escape unde- 
tected and make it difficult to observe peaks in 
invariant masses corresponding to A\ or H ; two 
t leptons at a time (originating from one Ai bo- 
son) will be nearly collinear, and the average pt 
of the particles in the final state is quite low. Im- 
portant backgrounds originate from $ production 
and heavy flavour jets. 

Up to now, the following proposals for H 
searches at the LHC in this scenario have been 
made: 

(i) In [16] it has been proposed to consider 
diffractive Higgs production (pp — > pp + H) in 
order to be sensitive to H — > 4r, which requires 
to install additional forward detectors. Using a 
track-based analysis in which all events with more 
than 6 tracks in the central region are discarded, 
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a viable signal seems possible after accumulating 
300 fb _1 of integrated luminosity. 

(ii) Proposals for signals and cuts appropriate 
for the Ai A\ — ► 4r — > 2 /i + 2 jets final state have 
been made in [17]; with 100 fb _1 of integrated lu- 
minosity, the expected rates after cuts are ~ 8T0 3 
from H production via vector boson fusion, and 
~ 10 3 from H production via Higgs Strahlung 
(W * — > H + W ) where one can trigger on a 
lepton from W ± decays. 

(hi) In [18], the subdominant H — > A\ A\ — ► 
2t 2/i final state (with 2/i from direct A\ decays) 
was discussed: in spite of the small branching 
fraction it was argued that, for Mh ~ 102 GcV 
and with H being produced via gluon-gluon fu- 
sion, the Tevatron can see a signal over the back- 
ground for an integrated luminosity C ~ 10 fb _1 , 
and the LHC already for C ~ 1 fb" 1 . 

Further details of current ATLAS and CMS 
studies of bench mark scenarios including the 
H — > A A — > 4t final state can be found in [19] . 

3. The constrained NMSSM 

As in the MSSM, one can assume universal soft 
SUSY breaking masses and trilinear couplings at 
the GUT or Planck scale, which is motivated by a 
gravitational (flavour blind) origin for these terms 
in minimal supergravity. Then, all soft SUSY 
breaking terms (including those involving the sin- 
glet in the NMSSM) are specified by universal 
gaugino masses Mx/a, universal scalar masses mo 
and universal trilinear couplings A$ at a large 
scale. The constrained NMSSM (cNMSSM) has 
the same number of free parameters as the con- 
strained MSSM (cMSSM): the parameters fi, B of 
the cMSSM are replaced by the Yukawa couplings 
A, k of the cNMSSM. 

The allowed ranges of the parameters M1/2, 
mo and Aq in the cMSSM have been widely dis- 
cussed in the literature; it turns out that these 
ranges are very different in the cNMSSM [20121] : 
in order to obtain a non-vanishing vev (S) ^ 
in the NMSSM, the soft SUSY breaking mass 
m| must not be large and positive. Since m| 
is hardly renormalized between the GUT and the 
weak scale, the same condition applies to mg in 
the cNMSSM. In the cMSSM, small values of m 



(compared to M1/2) lead to a charged stau (r) 
LSP, which is ruled out. In the cNMSSM, an 
additional singlino-like neutralino \i can have a 
mass below the f mass and be the true LSP. In or- 
der to give the correct (not too large) dark matter 
relic density, M x o must be just a few GeV below 
M~, such that the Xi relic density can be reduced 
via co-annihilation with the r NLSP. The latter 
condition fixes Aq in terms of M^ii- Finally LEP 
constraints on the Higgs sector lead to an upper 
bound on A of A < 0.02 [50I5T] . 

Hence, the full Higgs and sparticle spectrum 
depends essentially on M1/2 only. A preferred 
range for M.\i% can be obtained by computing 
the muon anomalous magnetic moment a M as 
a function of Mi/%, and requiring that the su- 
persymmetric contributions explain the deviation 
5a M ~ 3 x 10~ 9 between the result of the E821 
experiment at BNL [22] and the SM [23] . The 
result for <5a^ USY is shown in Fig. |4] according 
to which values for M 1 j 2 < 1 TeV are preferred, 
with M1/2 ~ 500 GeV within 1 a. 
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Figure 4. as a function of Mi/ 2 in the 

cNMSSM; from[23]. 



Choosing mo = for simplicity, the stau and 
neutralino spectrum as a function of M 1 / 2 in 
the cNMSSM is shown in Fig. [5] One finds 
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that, for M1/2 ^ 400 GeV, the lightest stau 
mass would fall below ~ 100 GeV and vio- 
late LEP constraints; hence one must require 
Mi/2 Z 400 GeV. (As discussed above, the \i 
mass is just below the lightest stau mass in order 
to give the correct dark matter relic density.) 
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Figure 5. The stau and neutralino spectrum as a 
function of M 1/2 in the cNMSSM; from [20]. 



The Higgs spectrum as a function of Mi/ 2 in 
the cNMSSM is shown in Fig. M The heavy 
states H3, A2 and i? ± form a practically de- 
generate SU{2) doublet, and the lighter CP-odd 
scalar A\ is too heavy to be produced in H± de- 
cays in the cNMSSM. The nature of the light- 
est CP-even Higgs scalar depends on Ml/ 2 : for 
-^1/2 640 GeV, Hi is dominantly singlet- like 
which allows to satisfy LEP constraints even for 
a mass well below 114 GeV. The next-to-lightcst 
state H 2 , for M 1/2 < 640 GeV, is SM-like with a 
mass just above 115 GeV. For M 1/2 > 640 GeV, 
the situation is reversed: here H2 is dominantly 
singlet-like, and the lightest CP-even Higgs scalar 
Hi is SM-like with a mass up to 120 GeV for 
M1/2 -> 1-5 TeV. 

An interesting scenario is possible for Ml/2 ~ 
570 GeV, where M Hl ~ 100 GeV and the reduced 
coupling £hiZZ of the singlet-like Hi (for not too 
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Figure 6. The Higgs spectrum as a function of 
M1/2 in the cNMSSM; from [20]. 



small A ~ 0.005) is ^h x zz ~ 0.3 [3T]: in this case 
a production of Hi at LEP could explain the ex- 
cess of events at LEP as discussed before. Simul- 
taneously, H2 with its mass just above 114 GeV 
could generate an even slighter excess of events 
in this mass range, which has equally been ob- 
served [3]. 

The consequences of the nearly pure singlino- 
like Xi LSP in the cNMSSM on sparticle decay 
chains are important: first, each sparticle decay 
cascade will end up in the next-to-lightest i?-odd 
particle, the charged r in the present case. Only 
subsequently the f will decay as r — * t + Xi , lead- 
ing to at least one r lepton per sparticle. Notably, 
if the t ~ Xi mass difference is small and/or A is 
very small (in which case the couplings to Xi be- 
come tiny) , the r width can become so small that 
the t decay length becomes O(mm-cm) [20121) . 
Such displaced vertices can also appear in scenar- 
ios with gauge mediated supersymmetry breaking 
where, however, the decay lengths are rather of 
O(m). Hence, dedicated simulations of the spar- 
ticle signatures at colliders in the cNMSSM will 
be required. 
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4. Summary and Conclusions 

Assuming that the SUSY breaking scale 
MgusY generates the weak scale ~ M z (i.e. that 
no dimensionful terms as /x are present in the su- 
perpotential), the NMSSM is the most natural su- 
persymmetric extension of the Standard Model. 

Its simplest version, the cNMSSM (with soft 
SUSY breaking terms from mSUGRA) , could ex- 
plain the 2.3 a excess of events in Higgs searches 
at LEP, in contrast to the cMSSM. Due to m -C 
Mi/2, its sparticle spectrum would be very differ- 
ent from the cMSSM: the LSP Xi is singlino-like, 
but every sparticle decay chain contains a r de- 
caying, in turn, into r + \i- This last decay can 
lead to macroscopically displaced vertices. 

In the general NMSSM, a light CP-odd scalar 
Ai with M Al < 10.5 GeV could (i) explain the 
2.3 a excess of events at LEP; (ii) alleviate the 
"little finetuning problem" of supersymmetric ex- 
tensions of the SM, and (iii) explain a low rjb 
mass as measured by BABAR. But: this sce- 
nario would constitute a real challenge for Higgs 
searches both at the Tevatron and at the LHC! 
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